Despite its importance for group II intron catalytic activity, structural information on conserved domain 3 (D3) is extremely limited. This domain is known to specifically stimulate the chemical rate of catalysis and to function as a 'catalytic effector'. Of all the long-range tertiary contacts that have been identified within group II introns, none has included D3 residues. Furthermore, little is known about the atoms and functional groups in D3 that contribute to catalysis. Using a nucleotide analog interference mapping assay with an extended repertoire of nucleotide analogs, we have identified functional groups in D3 that are critical for ribozyme activity. These data, together with mutational analysis, suggest the formation of noncanonical base pairs within the phylogenetically conserved internal loop at the base of D3. Finally, a related nucleotide analog interference suppression study resulted in the identification of a direct tertiary interaction between D3 and catalytic domain 5, which sheds new light on D3 function in the group II intron structure and mechanism.
Despite its importance for group II intron catalytic activity, structural information on conserved domain 3 (D3) is extremely limited. This domain is known to specifically stimulate the chemical rate of catalysis and to function as a 'catalytic effector'. Of all the long-range tertiary contacts that have been identified within group II introns, none has included D3 residues. Furthermore, little is known about the atoms and functional groups in D3 that contribute to catalysis. Using a nucleotide analog interference mapping assay with an extended repertoire of nucleotide analogs, we have identified functional groups in D3 that are critical for ribozyme activity. These data, together with mutational analysis, suggest the formation of noncanonical base pairs within the phylogenetically conserved internal loop at the base of D3. Finally, a related nucleotide analog interference suppression study resulted in the identification of a direct tertiary interaction between D3 and catalytic domain 5, which sheds new light on D3 function in the group II intron structure and mechanism.
Introduction
Group II introns are large catalytic RNAs that self-splice by a mechanism similar to spliceosomal processing of pre-mRNA. In addition to catalyzing the two-step self-splicing reaction, group II introns are also mobile genetic elements that are capable of inserting themselves into an RNA or doublestranded DNA. Group II introns are generally found in bacteria and lower eukaryotes such as plants, fungi and algae (Lehmann and Schmidt, 2003; Pyle and Lambowitz, 2006) . Surprisingly for such multifunctional ribozymes, the primary sequence of group II introns is not highly phylogenetically conserved. However, there is strong conservation of the intron secondary structure, which is subdivided into six domains (Michel et al, 1989) (Figure 1 ). Each intronic domain has a distinct functional role in splicing and/or mobility. Of the six domains, only domains 1 (D1) and 5 (D5) are indispensable for chemical catalysis (Koch et al, 1992; Michels and Pyle, 1995) . D1 is the scaffold for the assembly of the catalytic core, while the highly conserved D5 is a central component of the ribozyme active site (Lehmann and Schmidt, 2003; Pyle and Lambowitz, 2006) . Domain 3 (D3) has long been a subject of interest because, while not strictly required for catalysis, it markedly stimulates the chemical rate of ribozyme reactions and is actually required for cis-splicing (Griffin et al, 1995; Podar et al, 1995; Konforti et al, 1998; Fedorova et al, 2003) .
Due to its apparent role as a 'catalytic effector' in group II intron function, we have focused recent attention on the structure and function of D3 (Fedorova et al, 2003) . We have observed that D3 does not facilitate the binding of catalytic domain D5 (Konforti et al, 1998) , which suggests that D3 may have its own role to play in catalysis. Although previous results indicate that the basal stem of D2 recruits D3 into the ribozyme active site (Fedorova et al, 2003) , the modes of interaction between D3 and the rest of the intron have remained a mystery.
The lack of phylogenetic covariation between D3 and other intronic domains suggests that D3 does not form any longrange tertiary contacts through simple Watson-Crick basepairing. Nonetheless, D3 binds the rest of the intron with relatively high affinity: the K d of D3 is approximately 500 nM (Podar et al, 1995) , which is comparable to that of D5 (Pyle and Green, 1994) . These data indicate that D3 forms an extensive network of tertiary contacts with other domains, which is consistent with the fact that sections of D3 are highly protected during hydroxyl radical protection assays (Swisher et al, 2001) . DEPC modification interference studies suggest that D3 interacts with D5 (Jestin et al, 1997) and that the internal bulge, basal stem and the pentaloop of D3 are important functional regions.
By using nucleotide analog interference mapping (NAIM) analysis with an extended set of nucleotide analogs, we have identified atoms and functional groups in D3 that are critical for group II intron catalysis. Analysis of the interference patterns and phylogenetic data allows us to predict a likely conformation for the most conserved substructure in D3-the internal bulge within the basal stem. In addition, by combining forward and reverse nucleotide analog interference suppression (NAIS) results, we have identified the first direct tertiary contact between D3 and the rest of the intron. This interaction joins two bases of the D3 pentaloop with the backbone of G844 in D5. Taken together, the data provide new insight for the role of D3 in group II intron catalysis.
Results

NAIM identifies critical nucleobase atoms in D3
Experimental design. As in previous NAIM and NAIS studies of the group II intron (Boudvillain and Pyle, 1998; Boudvillain et al, 2000) , the present study employed a two-piece construct in which branching occurs in trans, thereby providing a system for in-vitro selection. The branch site of D56 RNA attacks the 5 0 -splice site of exD123 RNA ( Figure 2 ) and becomes covalently attached. While early NAIM studies utilized this approach to identify several important atoms in D3, the analysis was necessarily limited (Boudvillain and Pyle, 1998; Boudvillain et al, 2000) . The present study employed an expanded set of nucleotide analogs, particularly for probing adenosine positions, which are predominant in D3 (Figure 1 ). To specifically examine nucleobase functional groups in D3, we transcribed exD123 RNA in the presence of 7-deaza adenosine (7-deaza A), 2,6-diaminopurine (2,6-DAP), N6-methyl adenosine (N6-MeA) and inosine (I) a-thiotriphosphates, which allowed us to probe the Hoogsteen face, major groove and minor groove of A residues and the minor groove of G residues for involvement in important tertiary contacts.
It was previously demonstrated that there are no phosphorothioate interferences in D3 (Boudvillain and Pyle, 1998) , and therefore any observed interference can be attributed to an analog effect. Inosine interferences are also not observed in D3 (Fedorova et al, 2003) , suggesting that guanosine residues in D3 do not form tertiary contacts involving the exocyclic amino group, or that any such contacts are dispensable for catalysis. However, analogs of adenosine were highly informative, resulting in clusters of residues that exhibit multiple interference effects (Figure 3) .
Interferences in the internal bulge. Some of the strongest nucleobase NAIM effects are clustered in the A-rich internal bulge of D3, which is the most phylogenetically conserved part of the domain (Michel et al, 1989; Michel and Ferat, 1995; Toor et al, 2001) . Three adenosines in this region showed a combination of 7-deaza A, N6-MeA and 2,6-DAP Leontis and Westhof (1998) ; Leontis et al, 2002) . effects ( Figure 3 ), suggesting that they are involved in noncanonical base pairing and/or formation of base-triples from both the minor groove edge and the Hoogsteen edge. The N6-MeA effects may also be interpreted as an indication of tight packing of the internal loop, whereby the methyl group on amine group causes a steric clash.
Interference effects in the hairpin-loop regions. Of the three hairpin-loop regions that extend from D3, NAIM effects are particularly pronounced in the pentaloop G615-U619, which is consistent with its important role in catalysis (Boudvillain and Pyle, 1998) . Both adenosine residues A617 and A618 exhibit 2,6-DAP interferences ( Figure 3 ). The interference pattern at A618 also includes a 7-deaza A effect ( Figure 3 ) as well as 2 0 -analog effects (see below). The other two stemloop regions contain few catalytically critical functionalities. No interference effects were observed in the tetraloop UAUU (residues 635-638), suggesting that it is not important for catalysis. This is consistent with this substructure being the most variable region in D3 according to the phylogenetic analysis (Michel and Ferat, 1995) . In the GAAA tetraloop (residues 650-653), the last A (A653) exhibits N6-methyl A and 2,6-DAP interferences and A652 does not show any interferences at all (Figure 3 ), which are inconsistent with the pattern expected for a GNRA-like fold.
Interferences in the linker regions. The present study reveals, for the first time, that the D3 linker regions (nucleotides 603-607, 627-629, 644-645; Figure 3 ) contain functional groups that are critical for group II intron catalysis. Both A604 and A605 exhibit 7-deaza A and 2,6-DAP interference effects ( Figure 3 ). A605 also shows interference with the N6-MeA analog. One of the strongest 2,6-DAP effects in D3 is observed at A627 (Figure 3 ). A629 exhibits a weak 7-deaza A interference, and there is a 2,6-DAP effect at A630 (Figure 3 ). These data suggest that the linker nucleotides may be involved in noncanonical pairings with each other, as observed for other large internal RNA loops, and/or they are involved in long-range tertiary contacts with other intronic domains. Importantly, the same experiments reveal a combination of 7-deaza A, 2,6-DAP and N6-MeA effects at A589, which is located in the adjacent J2/3 region (the single-stranded linker between domains 2 and 3). This nucleotide was previously shown to be critical for the second step of splicing (Mikheeva et al, 2000) ; however, the interference results indicate that this nucleotide is important for the first step as well.
NAIM elucidates the location and role of important 2
0 -hydroxyl (OH) groups in D3 Early NAIM work implicated three 2 0 -OH groups in the function of D3 (at A618, A661 and A662 (Boudvillain and Pyle, 1998) ). To determine the mechanistic role of these 2 0 -OH groups and to determine if ribose functionalities at other positions are important, we conducted NAIM with exD123 RNAs transcribed in the presence of 2 0 -fluoro-and 2 0 -Omethyl adenosine thiotriphosphates (2 0 -fluoro adenosine (2 0 -FA) and 2 0 -OMe adenosine (2 0 -OMe A), respectively). These analogs display NAIM effects at positions where the 2 0 -OH is a catalytically important hydrogen bond donor. In addition, if interference is observed with 2 0 -fluoro, but not 2 0 -deoxy, analogs, it indicates a sugar pucker in the unusual C2 0 -endo conformation (Ortoleva-Donnelly et al, 1998) . Both 2 0 -FA and 2 0 -OMe A interferences were observed at all three positions that had previously been implicated (A618, A661 and A662; Figure 4 ), suggesting that 2 0 -OH groups at these positions serve as hydrogen bond donors rather than as acceptors. Five additional positions were identified where interference was observed only with 2 0 -OMe A (A596-A598 and A605; Figure 4 ). In these cases, substitution of a hydroxyl with the bulkier methyl group is likely to create a steric clash with some functionality located in close proximity to the OH group (Ortoleva-Donnelly et al, 1998) .
Mutational analysis for characterizing the D3 pentaloop
Consistent with previous studies (Jestin et al, 1997; Boudvillain and Pyle, 1998) , the GUAAU pentaloop in D3 is observed to play an important role in D3 function. Given the sequence of the loop, it might fold like a GNRA tetraloop, which could dock with a cognate receptor (Abramovitz and Pyle, 1997; Legault et al, 1998) . Alternatively, it might fold into a different set of possible interaction motifs. To differentiate between these possibilities and to better characterize the role of constituent nucleotides, we conducted a mutational and kinetic analysis of the D3 pentaloop. Mutant exD123 RNAs were constructed and their kinetic effects were tested using the trans-branching reaction with D56 RNA (Figure 2 and Table I ). Branching was most severely affected when the D3 pentaloop was replaced with the tetraloop sequence UUCG (30-fold inhibition; Table I and Figure 5 ). Deletion of U619, which replaces the pentaloop with a GUAA tetraloop (D619 mutant), decreases the rate of branching by 11-fold (Table I and Figure 5 ). Single-base mutations in the pentaloop were similarly revealing. Most notably, mutation of G615 to an A or a U did not affect the reaction (Table I and Figure 5C ), which is in good agreement with the NAIM results showing lack of interference at this position. When U619 is changed to an A, the mutant is as active as the wild type (Table I and Figure 5 ), suggesting that the adverse effect of D619 is caused by changes in distance between critical functional groups in the pentaloop. Taken together, the mutational data are clearly inconsistent with a GNRA-like fold for the D3 pentaloop. Mutational analysis of positions 617 and 618 indicates that one or both adenosine residues of the pentaloop are important for the ribozyme function. The mutation of either A617 or A618 to a pyrimidine or a purine residue results in a 3-5-fold decrease in branching activity ( Figure 5 ). However, when both adenosine residues are mutated to cytidines at the same time, the double mutant is as defective as the UUCG mutant (Table I and Figure 5 ). This indicates that both adenosine residues of the D3 pentaloop are important for catalysis, and that they may function together.
NAIS analysis reveals an important tertiary interaction between D3 and D5
Having confirmed that specific nucleotides in the pentaloop are important for catalytic function, cognate mutants in this region were used for NAIS analyses designed to identify interaction partners between the pentaloop and the rest of the intron. For these studies, D56 RNAs were transcribed in the presence of various nucleotide analog a-thiotriphosphates. The resultant pools of modified D56 molecules were then reacted with exD123 molecules that contain muta- tions in the D3 pentaloop. After cleavage and electrophoresis, interference and suppression patterns in D5 and D6 were then examined using standard methods (Boudvillain et al, 2000) . Pentaloop mutations at positions A617 and/or 618 resulted in specific suppressions of dG interference at G844 in D5 ( Figure 6 ). Importantly, mutations of the D3 internal loop (i.e. A600G), which also cause strong branching defects (Table I and Figure 5 ), do not suppress the dG interference at G844, indicating that the pentaloop suppressions are highly specific (Figure 6 ). Taken together, these data are consistent with a tertiary contact between the 2 0 -OH at G844 and functional groups on A617 and/or A618.
Mutation of the entire pentaloop to a UUCG tetraloop caused a full suppression, whereas single-base mutations at A617 and A618 caused partial suppression of dG interference at this position ( Figure 6 ). These data suggested that not just one, but both A617 and A618 may be involved in the interaction with D5. When both A617 and A618 were mutated to C residues at the same time, the double mutant also caused a full suppression of the dG interference at G844 (Figure 6 ), which supports this assumption. Notably, single-base mutations of U619 did not suppress dG844 interference even partially (Figure 6 ), although deletion of U619 (D619 mutant) results in full suppression of the above interference (Figure 6 ), much like the UUCG substitution. The loss of the D3-D5 interaction in the D619 case is possibly caused by promotion of an undesirable GNRAfold. Take together, the NAIS results and mutational data support a critical tertiary interaction between the D3 pentaloop and the first stem of D5 (the m-m 0 interaction; Figure 1) .
Interestingly, some mutations in the pentaloop of D3 caused an exacerbation of existing dG interference effects at G836 and G840 ( Figure 6 ). This increased sensitivity to pentaloop mutations was not specific to this region of D5; it was also observed for the adenosine residues in the tetraloop of D5 when other analogs were used (data not shown). This indicates that, in order to compensate for the loss of the m-m 0 interaction, the intron puts more emphasis on tertiary (Table I) were determined as described previously (Boudvillain and Pyle, 1998 ).
contacts involving other D5 residues, thus increasing energetic penalty for their disruption.
Reverse NAIS confirms the tertiary contacts between D3 and D5
Further evidence of a direct specific interaction between two adenosines (A617 and A618) of the D3 pentaloop and a guanosine residue (G844) of D5 was provided by a 'reverse' NAIS experiment. In this case, a D56 RNA was synthesized with a single 2 0 -deoxy substitution at position G844. This RNA was reacted with exD123 RNAs that were transcribed in the presence of nucleotide analog a-thiotriphosphates. The resultant iodine cleavage patterns of exD123 were then examined for interference suppressions in D3. Strikingly, 2,6-DAP interference at both A617 and A618 is suppressed upon reaction with the dG844 D56 molecule, suggesting that interaction with the pentaloop occurs on the minor groove edge of both adenosine residues (Figure 7) . The effect was specific to the pentaloop adenosines: strong interference at A627 and A630 remained unchanged when the dG844 mutant was used instead of the wild-type D56 RNA (Figure 7) . No suppression of 2,6-DAP interference was observed in the D3 pentaloop upon reaction with a D56 RNA containing a single atom modification on a minor groove edge of a neighboring G845 (D56 I845) (Figure 7 ). Since the exo-cyclic amine of G845 was previously shown to be a part of a k-k 0 interaction, this suggests an absence of energetic coupling between k-k 0 and the m-m 0 interaction.
Discussion
Identification of l-l 0 : a critical tertiary contact between catalytic intron domains
We have successfully applied NAIS and mutational analysis to identify the first functional tertiary contact between D3 and another region of the intron. Consistent with a role for D3 in catalysis, specific interactions are observed between D3 and catalytic D5. The m-m 0 contact involves interactions between the ribose of G844 in D5 and the minor groove edge of two adenosine residues in the pentaloop of D3: A617 and A618 (Figures 1 and 6) . Specifically, the data are consistent with interaction between the 2 0 -OH group of G844 and the N3 or H2 atoms of A617 and A618. The 2 0 -OH group of G844 was previously shown to be one of the few 2 0 -OH groups in D5 that directly affects the chemical rate of catalysis, rather than binding of D5 to the rest of the intron (Abramovitz et al, 1996) . Since D3 specifically increases the chemical rate constant in group II intron ribozymes (Griffin et al, 1995; Podar et al, 1995; Xiang et al, 1998; Fedorova et al, 2003) , but has no effect on D5 binding (Konforti et al, 1998) , our results suggest that the 2 0 -OH of G844 contributes to catalysis by anchoring D3 into the ribozyme active site.
Despite a growing database of correlations between NAIM patterns and the corresponding high-resolution crystal structures, it was not possible to assign m-m 0 as part of a known RNA structural motif. The four types of known A-minor motifs can be ruled out for the following reasons: A-minor type I and II motifs would require that one of the pentaloop adenosines (A617 or A618) interacts with the G844-C819 base pair while the other adenosine participates in an adjacent, energetically coupled A-minor interaction. However, the data are inconsistent with interactions that extend beyond G844. Furthermore, C819 has been unambiguously demonstrated to be involved in the very well characterized k-k 0 interaction, and its 2 0 -OH is fully engaged with interactions to its counterpart in D1 (Boudvillain and Pyle, 1998) . A type III motif is fully inconsistent with the NAIS data. We cannot completely exclude the possibility of the type 0 A-minor motif, although it has been predicted to be much more tolerant to the C2 substitution at the adenosine position (Strobel, 2002) , which is inconsistent with our data. Despite these issues, A617 and A618 may be involved in a form of A-minor motif that has not yet been reported.
The D3 pentaloop does not participate in a GNRA tetraloop-receptor interaction
At the first glance, it seemed likely that the GUAAU pentaloop (residues 615-619) might function as a GNRA tetraloop and that there is a receptor for it somewhere in the intron. In this case, the pentaloop would exhibit typical NAIM signatures such as strong 2 0 -deoxy and 7-deaza A interferences for third and fourth adenosine residues and a 2 0 -deoxy interference for the G (Boudvillain and Pyle, 1998) . However, the 2,6-DAP interference effect at A618 is inconsistent with GNRA-like fold (Figure 3) , as are the absence of 2 0 -deoxy and 7-deaza A interferences at A617. Since the G residue of a GNRA tetraloop is invariant, and its pairing with the last A is one of the signature features of the motif, mutation of the G is expected to severely affect catalytic function. However, the pentaloop is completely tolerant to G615 mutations, as this residue can be changed to an A or to a U without significant catalytic defect ( Figure 5C ). Importantly, these mutations have no effect on the m-m 0 interaction (Figure 6 ), which indicates that pentaloop tertiary contacts do not involve a GNRA-like fold. Finally, deletion of the last U in the pentaloop is detrimental for catalysis ( Figure 5) and it disrupts the m-m 0 interaction (Figure 6 ), while a simple mutation of this U to an A ( Figure 5 ) or a C (data not shown) does not affect the rate of branching at all, indicating that D3 function is disrupted when the pentaloop is forced into a GNRA-like conformation.
NAIM and phylogenetic analysis define the functional components of D3
NAIM results indicate that D3 contains a defined set of nucleotides that play a major role in D3 function. Consistent with previous studies (Jestin et al, 1997; Boudvillain and Pyle, 1998; Konforti et al, 1998) and with analysis of phylogenetic conservation, we observe that the major functional regions of D3 are the internal loop of the basal stem, the GUAAU pentaloop and in the linker regions that connect the four helical stems of the domain (Figures 3  and 4) . Residues A599 and A662 in the internal loop, which exhibit strong interferences with a diversity of analogs, are highly conserved in almost all group II introns identified thus far (Michel et al, 1989; Michel and Ferat, 1995; Toor et al, 2001) . A major functional role for these residues is supported by their high levels of protection against hydroxyl radicals (Swisher et al, 2001) .
Linker residues A604, A605, A627 and A629, which exhibited strong interference effects with different base analogs, are conserved in group II introns of chloroplast-like class 1 and 2 and semiconserved in group II introns of bacterial classes B and D (Toor et al, 2001) , suggesting that this region is important for D3 function in these classes of introns. However, D3 of mitochondrial class group II introns, which do not have single-stranded junctions, function in a different manner. The pentaloop of D3 is conserved in all group II introns from chloroplast-like classes and in most bacterial introns except for bacterial class C (Toor et al, 2001 ). 
Structural organization of the D3 internal loop
One of the most important elements in D3 is an A-rich internal loop in the basal stem that resembles a classic 11-nucleotide tetraloop receptor (see the z 0 region of D1 for comparison; Figure 1 ). Based on this similarity, we set out to determine if the D3 internal loop functions as a tetraloop receptor and, if not, what type of structure it is likely to adopt. NAIM analysis has been particularly successful at correctly predicting the conformational state of various RNA motifs (Ortoleva-Donnelly et al, 1998; Strobel, 1999) .
The signature feature of a tetraloop-receptor motif is the AA platform, in which two adjacent adenosine residues lie side by side and adopt characteristic sugar pucker configurations ( Figure 8A , left) (Cate et al, 1996a, b) . If internal loop residues A661 and A662 form an AA platform, the sugar pucker of A661 will be C2 0 -endo. This will result in a strong NAIM effect with a 2 0 -fluoro analog, which forces a C3 0 -endo conformation of the sugar. Conversely, one will not observe interference with a 2 0 -deoxy analog ( Figure 8A , middle panel) (Ortoleva-Donnelly et al, 1998) . In addition, 2,6-DAP and possibly 2 0 -OMe analog interferences will also be expected at this position (Ortoleva-Donnelly et al, 1998). However, a strong 2 0 -deoxy interference (Boudvillain and Pyle, 1998) and the absence of a 2,6-DAP interference at A661 contraindicate involvement in a platform. Furthermore, the strong 7-deaza, 2,6-diaminoourine and 2 0 -analog interferences at A662 (Figures 3 and 4 ) are also inconsistent with the AAplatform NAIM signature ( Figure 8A , middle panel). It is therefore highly unlikely that the D3 internal loop forms a classic 11-nucleotide tetraloop receptor motif.
Given the abundance of functional data on the loop residues, we set out to build a plausible model for the conformational state of the D3 internal loop. The interference patterns at A600, A599 and A662 indicate that these residues are engaged in interactions from both the major and minor grooves (Figures 3 and 4) . One explanation for the observed NAIM is that these nucleotides form noncanonical base pairs across the loop, thereby creating an interface for interaction with another intronic substructure. The interference pattern at A600 is consistent with involvement in a reverseHoogsteen A600:U660 pair that is involved in additional interactions from the minor groove. Similarly, the data are consistent with A598:A662 and A599:A661 pairings. Having analyzed different classes of A . A pairs, we conclude that the bulge nucleotides are probably forming tandem sheared trans-Hoogsteen-sugar edge pairs ( Figure 8B ) (Leontis and Figure 8 A correlation of the experimental NAIM data for D3 bulge nucleotides with the predicted NAIM pattern for the AA platform (A) and a trans-Hoogsteen-sugar edge A . A base pair (B). Predicted NAIM effects are shown in red, experimentally identified NAIM effects are shown in green. The structure that best fits the experimental data is indicated by light gray shading. Westhof, 1998; Leontis et al, 2002) . This would explain the 7-deaza A and N6-MeA interferences observed for A599 and A662 and the strong 2 0 -deoxy effect at A661 (Boudvillain and Pyle, 1998) . Importantly, the minor groove of this hypothetical structure is free to interact with other intronic substructures ( Figure 8B ), as predicted by the NAIM data.
This noncanonical pairing of the D3 internal loop is completely consistent with available phylogenetic data, which show that A598A599:A661A662 is frequently replaced with UA:AA (group II A1, bacterial class D), AA:GA (group II B1); GA:GA (group II B2) or AG:AA (bacterial class C) (Toor et al, 2001) . The proposed sheared trans-Hoogsteen-sugar edge pairs readily tolerate the above co-variations, as A . G and A . A are isosteric and interchangeable in many observed structural motifs (Leontis and Westhof, 1998) , and the tandem (Cate et al, 1996a; Leontis and Westhof, 1998) .
Conclusions
Having used NAIM, NAIS, mutational and phylogenetic analysis to examine the function of intron D3, we conclude that this important catalytic domain exerts its function in a variety of ways. The unusual D3 pentaloop is engaged in a docking interaction (m-m 0 ) that joins D3 with other intronic substructures that play an important role in catalysis. The highly conserved internal loop at the base of D3 is closed by network of specific noncanonical base pairings that create an accessible minor groove platform for critical interactions with the rest of the intron. Finally, we show that the linker regions in D3 play an important, and as yet undefined, role in the function of D3. Taken together, the data underscore the functional importance of D3 and they lay a foundation for understanding its role in the catalytic mechanism of group II introns.
Materials and methods
DNA templates, RNA transcription and synthesis
The exD123 plasmid (pJDI3 0 -673) (Jarrell et al, 1988) was kindly provided by Dr PS Perlman. All exD123 plasmids with mutations in D3 (i.e. pQL 38 (G615UAAU619:UUCG), pQL 55 (A617:U), pQL 57 (A662:U), pQL 58 (A617:G), pQL 104 (G615:A), pQL 108 (G615:U), pQL 114 (A618:G), pQL 119 (A600:G), pEL 01 (D619), pEL 40 (A617:C, A618:C), pEL 41 (U619:A), pEL 42 (U619:C) were created by site-directed mutagenesis (Kunkel et al, 1991) of the wild-type exD123 construct. Design of the pT7-D56 plasmid is described elsewhere (Chin and Pyle, 1995) .
Prior to transcription, wild-type and mutant exD123 plasmids were linearized with BamHI, and pT7-D56 construct was digested with EcoRV. All RNA transcriptions were carried out essentially as described previously (Pyle and Green, 1994; Chin and Pyle, 1995) . For NAIM and NAIS experiments, RNAs with randomly incorporated phosphorothioate analogs were prepared by adding NTPaS to the transcription mixture (Gish and Eckstein, 1988; OrtolevaDonnelly et al, 1998) . All NTPaS analogs were purchased from Glen Research (Sterling, VA).
For NAIS experiments, D56 RNAs (wild-type and containing single-atom substitutions dG844 or I845) were prepared by enzymatic ligation of two chemically synthesized oligonucleotides as described previously (Fedorova et al, 2005) .
Branching reactions for NAIM
Reactions were carried out as described previously (Boudvillain and Pyle, 1998; Fedorova et al, 2003) . All exD123 transcripts containing NTPaS analogs were 3 0 -end labeled (Huang and Szostak, 1996) , gel-purified and re-suspended in 10 mM MOPS, pH 6.0, 1 mM EDTA. The 3 0 -end-labeled exD123 RNA (10 nM final concentration) was then incubated with unlabeled wild type D56 RNA transcript (final concentration 1.5 mM) at 421C under splicing conditions (40 mM MOPS, pH 6.8, 100 mM MgCl 2 , 0.5 M (NH 4 ) 2 SO 4 ), until B20% of the branched product was formed. The unreacted exD123 and reaction products (branching and/or hydrolysis) were separated on a 5% polyacrylamide denaturing gel, eluted from the gel, ethanol precipitated and subjected to iodine cleavage as described below.
Branching kinetics
Wild type and mutant exD123 RNAs (2 mM final concentration) and 5 0 -end labeled D56 RNA (10 nM) were separately denatured in MOPS pH 7.5 (40 mM final concentration), for 1 min at 951C and then cooled to 421C. The exD123 and D56 RNAs were then combined with the simultaneous addition of MgCl 2 and NH 4 Cl (final concentrations 100 mM and 0.5 M, respectively), and reactions were carried out at 421C as described (Chin and Pyle, 1995; Boudvillain and Pyle, 1998) . Aliquots taken at specific time points were quenched with denaturing dye solution (Fedorova et al, 2002) , chilled on ice and analyzed on a stacking 5-8% (top-bottom) denaturing polyacrylamide gel. Bands corresponding to precursor D56 and branched product were quantified using a PhosphorImager (Molecular Dynamics), and results were analyzed as described previously (Boudvillain and Pyle, 1998) .
NAIS experiments
Branching reactions for NAIS experiments were performed as described (Boudvillain and Pyle, 1998; Boudvillain et al, 2000) . For the 'forward' NAIS experiments, wild-type and mutant exD123 RNAs (1.5 mM final concentration) were reacted with 5 0 -end labeled NTPaS-containing D56 (10 nM final concentration) under the conditions described above for NAIM experiments. The reaction time was adjusted so that only 20% of the branched product was formed in each case. The unreacted D56 and the branched product were separated on a 5% denaturing polyacrylamide gel, eluted from the gel and ethanol precipitated. Sequencing by iodine cleavage was carried out as described below. For the 'reverse' NAIS experiments, 3 0 -end labeled wild-type exD123 transcribed with various NTPaS analogs (10 nM final concentration) was reacted with unlabeled D56 RNA (wild type and containing dG844 or I845 substitutions, 1.5 mM final concentration). The reactions were carried out as described above for the 'forward' NAIS assay. The unreacted exD123 and branched product were separated on a 5% denaturing gel and treated as above.
Iodine cleavage of the phosphorothioate-containing RNAs
After the NAIM or NAIS selection procedure (see above), precursor and product RNAs were subjected to sequencing by iodine in order to visualize the position of incorporated nucleotide analogs (Gish and Eckstein, 1988; Boudvillain and Pyle, 1998; Fedorova et al, 2003) . RNAs were resuspended in 3 ml of water, 0.5 ml of 10 mM ethanolic iodine solution was added and the mixture was then incubated at 371C for 3 min. The samples were ethanol precipitated and analyzed on 8% high-resolution sequencing gels prepared using Long Ranger gel matrix (Cambrex, USA). Bands were quantified by PhosphorImager (Molecular Dynamics) and data analysis was carried out as described (Boudvillain and Pyle, 1998; Fedorova et al, 2005) . NAIM and NAIS experiments were repeated and quantitated at least three times. The experimental error in determining the interference magnitude did not not exceed 20%.
